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Cohesin is a multi-protein complex composed of four core 
subunits (SMC1A, SMC3, RAD21, and either STAG1 or 
STAG2) that is responsible for the cohesion of sister 
chromatids following DNA replication until its cleavage during 
mitosis thereby enabling faithful segregation of sister 
chromatids into two daughter cells. Recent cancer genomics 
analyses have discovered a high frequency of somatic 
mutations in the genes encoding the core cohesin subunits as 
well as cohesin regulatory factors (e.g. NIPBL, PDS5B, ESPL1) 
in a select subset of human tumors including glioblastoma, 
Ewing sarcoma, urothelial carcinoma, acute myeloid 
leukemia, and acute megakaryoblastic leukemia. Herein we 
review these studies including discussion of the functional 
significance of cohesin inactivation in tumorigenesis and 
potential therapeutic mechanisms to selectively target cancers 
harboring cohesin mutations. [BMB Reports 2014; 47(6): 
299-310] 



INTRODUCTION 

Cohesin subunits were originally identified in yeast as mutants 
that displayed premature separation of sister chromatids and 
soon thereafter were found to form a complex required for sis- 
ter chromatid cohesion in Xenopus egg extracts and mamma- 
lian cells (1, 2). In vertebrates, the cohesin complex is com- 
posed of four subunits (SMC1A, SMC3, RAD21, and either 
STAG1 or STAG2) arranged in a ring-shaped structure that en- 
circles chromatin (Fig. 1). Cohesin loads onto chromatin in G1 
phase of the cell cycle immediately following cytokinesis, con- 
catenates sister chromatids during DNA replication in S phase, 
remains chromatin bound specifically at centromeres in pro- 
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phase of mitosis while the majority of cohesin along chromatid 
arms is released, and then the remainder of chromatin-bound 
cohesin is cleaved at the metaphase to anaphase transition to 
enable segregation of the sister chromatids into two daughter 
cells (3, 4). Recent studies have found that cohesin containing 
the more abundant STAG2 subunit is essential for chromatid 
cohesion at centromeres and along chromosome arms, while 
cohesin containing the less abundant STAG1 subunit is essen- 
tial for chromatid cohesion specifically at telomeres (5, 6). The 
cohesin complex composed of SMC1A, SMC3, RAD21, and 
STAG1 or STAG2 is robustly expressed in all somatic cells, 
whereas a separate meiosis-specific cohesin complex is pres- 
ent in germ cells composed of SMC1B, SMC3, REC8, and 
STAG 3 (7). 

Since the initial characterization of the cohesin complex in 
the late 1990's, several cohesin regulatory factors have been 
identified that are responsible for the loading, stability, and 
cleavage of cohesin during the cell cycle. Loading of cohesin 
onto chromatin in G1 phase is known to be dependent on the 
NIPBL-MAU2 heterodimer (8, 9), while WAPAL, PDS5A, and 
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Fig. 1. Depiction of the cohesin complex present in somatic hu- 
man cells. 
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PDS5B bind to chromatin-bound cohesin and promote its un- 
loading (10, 11). The establishment of sister chromatid cohesin 
during DNA replication in S phase requires acetylation of 
SMC3 by the cohesin acetyltransferases ESC01 and ESC02 
(12, 13), as well as binding of CDCA5 (Sororin) (14). At the on- 
set of mitosis in early prophase, phosphorylation of STAG2 by 
PLK1 drives dissociation of the majority of cohesin along chro- 
mosome arms (15), while centromeric cohesin is protected by 
binding of SGOL1 (Shugoshin) (1 6). Activation of the anaphase 
promoting complex APC/C at the metaphase to anaphase tran- 
sition leads to degradation of PTTG1 (Securin) and the activa- 
tion of ESPL1 (Separase) (17). ESPL1 cleaves the RAD21 sub- 
unit of the remaining chromatin-bound cohesin thereby en- 
abling segregation of the sister chromatids (18). 

THE MANY CELLULAR FUNCTIONS OF COHESIN IN 
DEVELOPMENT AND DISEASE 

Cohesin subunits are robustly expressed in all somatic cells 
(including terminally differentiated quiescent cells) and are 
now appreciated to be essential in a wide range of cellular 
processes including maintenance of chromatin architecture, 
transcriptional regulation, DNA replication, and DNA repair, 
in addition to their canonical role in sister chromatid cohesion 
and segregation (19). While studies have shown that cohesin 
forms a ring-like structure that encircles chromatin, no direct 
DNA binding motifs within the core cohesin subunits have 
been identified. However, emerging studies have shown that 
cohesin is enriched at specific chromatin loci including active 
transcriptional sites, pericentric heterochromatin, dou- 
ble-strand breaks, and stalled replication forks, suggesting co- 
hesin localization is directed by specific DNA-binding regu- 
latory proteins. Chromatin immunoprecipitation experiments 
have demonstrated that cohesin associates with the 
CCCTC-binding factor (CTCF), a zinc finger protein required 
for transcriptional insulation of gene promoters from enhancer 
regions, leading to enrichment of cohesin at specific genomic 
loci and regulation of transcription independent of its role in 
sister chromatid cohesion (20, 21). This cohesin-CTCF associa- 
tion is due to direct binding between STAG2 and CTCF, 
wherein CTCF is dispensable for cohesin loading onto chroma- 
tin but is required for enrichment at specific enhancer regu- 
latory loci throughout the genome (22). Cohesin has also been 
identified to interact with the Mediator complex, a transcrip- 
tional co-activator which localizes to gene promoter and en- 
hancer domains, and this interaction was found to be essential 
for the gene expression program in mouse embryonic stem 
cells (23). Most recently, cohesin was found to be enriched at 
pericentric heterochromatin through interaction with the his- 
tone methyltransferase SUV4-20h2 and to be essential for 
proper chromocenter organization (24). Cohesin has an ex- 
panding list of important functions in the maintenance of chro- 
matin organization within the cell nucleus, which are now 
known to be disrupted in an array of developmental and neo- 



plastic diseases. 

In 2004 mutations in the cohesin regulatory factor NIPBL 
were discovered to cause Cornelia de Lange (CdL) syndrome 
(OMIM 122470 and 300590), a rare autosomal dominant dis- 
order characterized by facial dysmorphism, growth delay, 
mental retardation, and limb abnormalities (25, 26). Subse- 
quently, mutations in cohesin core subunits SMC1A, SMC3, 
and RAD21 have been found in the subset of CdL patients 
without NIPBL mutations (27-29). Analysis of cells from CdL 
patients found precocious separation of sister chromatids be- 
fore anaphase in mitosis, which was hypothesized to be a 
causative mechanism in this syndrome and a useful diagnostic 
assay (30). However, subsequent studies have not observed 
similar defects in sister chromatid cohesion (31), calling into 
question the functional consequence of cohesin mutations in 
CdL patients. Genome-wide transcriptional profiling in cells 
derived from CdL patients with NIPBL or SMC1A mutations 
versus normal subjects found a conserved pattern of transcrip- 
tional dysregulation, identifying a group of 339 genes with re- 
currently altered expression amongst the CdL patients and a 
significant correlation between the degree of transcriptional al- 
teration and phenotypic disease severity (32). A heterozygous 
NIPBL knockout mouse (Nipbl +/-) has been constructed 
which demonstrates a developmental phenotype similar to 
CdL patients including small size, craniofacial anomalies, mi- 
crobrachycephaly, heart defects, hearing abnormalities, de- 
layed bone maturation, reduced body fat, behavioral dis- 
turbances, and high mortality during the first weeks of life (33). 
Mouse embryonic fibroblasts derived from these Nipbl +/- 
mice displayed normal sister chromatid cohesion but had re- 
current transcriptional dysregulation in 81 genes, suggesting 
that NIPBL influences chromosomal regulatory interactions. 
More recently, a STAG1 knockout mouse was developed. 
Homozygous knockout of STAG1 caused embryonic lethality 
with significant growth delay, multi-organ hypoplasia, im- 
paired lipid metabolism, and severe abnormalities in skeletal 
development, features characteristic of CdL syndrome (34). 
STAG1 heterozygous mice display reduced cohesin local- 
ization at CTCF-bound promoter and insulator regions and al- 
tered gene expression profiles similar to cells from CdL pa- 
tients (34). Additionally, these heterozygous mice had im- 
paired telomere replication leading to the development of 
aneuploidy and had increased incidence of spontaneous tu- 
mors including hepatocellular carcinomas, pancreatic intra- 
ductal papillary mucinous neoplasms, vascular neoplasms, 
and lymphomas (6). These studies demonstrate that cohesin in- 
activation both alters gene expression leading to devel- 
opmental defects and sister chromatid cohesion leading to 
aneuploidy and increased tumorigenesis. Whether CdL pa- 
tients have increased tumor incidence is not well described, 
but one case review of cause of death in 295 CdL patients was 
due to cancer in only 5 patients (three esophageal, one gastric, 
and one unspecified), all of whom were among the subgroup 
of 97 patients that survived into adulthood (35). 
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Most recently, an inactivating mutation of the meiosis-spe- 
cific cohesin subunit STAG3 was found in a large consangui- 
neous family with premature ovarian failure and was present 
in each of six affected family members (36). Additionally, a 
STAG3 knockout mouse model was generated, and female 
mice were sterile with oocytes arrested in early prophase I 
leading to oocyte depletion at one week of age (36). These 
findings demonstrate that the meiosis-specific cohesin com- 
plex is essential for mammalian fertility. 

DISCOVERY OF COHESIN GENE MUTATIONS IN 
HUMAN CANCERS 

Chromosome segregation defects and aneuploidy, a deviation 
from the expected diploid number of human chromosomes, 
are hallmarks of cancer that were first recognized by Theodor 
Boveri more than one hundred years ago, yet the genetic un- 
derpinnings of aneuploidy remain not well defined (37, 38). 
Given its function in controlling faithful sister chromatid segre- 
gation, dysregulation of the cohesin complex was hypothe- 
sized to contribute to the development of aneuploidy during 
tumorigenesis since its isolation and characterization in the 
late 1990's. The first report of cohesin gene alterations in hu- 
man tumors was in 2008 wherein Barber et a/, found somatic 
mutations of SMC1A, SMC3, and NIPBL in 9 out of 132 color- 
ectal adenocarcinomas (see Table 1 for summary of cohesin 
gene mutations identified in human tumors), wherein they sug- 
gested that chromatid cohesion defects may underlie the chro- 
mosomal instability present in the vast majority of colorectal 
cancers (39). Then in 2010 an array comparative genomic hy- 
bridization study of 167 myeloid disease samples identified a 
chronic myelomonocytic leukemia with a deletion of RAD21 
(additionally harboring an NPM1 exon 12 mutation) and a de 
novo acute myeloid leukemia with a deletion of STAG2 
(additionally harboring an IDH1-R132C mutation) (40). These 
first studies provided tantalizing evidence that the cohesin 
complex is a frequent target of genetic alterations during 
tumorigenesis. 

Then in 2011 Solomon et a/, reported the identification of 
recurrent inactivating mutations of the core cohesin subunit 
STAG2 in a variety of human tumors and demonstrated that 
STAG2 inactivation is a cause of aneuploidy in human cancer 
cells (41). In a screen of 155 unique human cancer cell lines, 
complete loss of STAG2 expression was identified in 3/21 
glioblastoma, 5/9 Ewing sarcoma, 1/10 melanoma, 1/6 cervical 
carcinoma, and 2/20 hematologic cancer cell lines and found 
truncating mutations or deletions in 10/12 of these samples with 
STAG2 loss (see Table 2 for summary of cohesin gene mutations 
identified in human cancer cell lines). Analysis of primary tumor 
samples found somatic STAG2 mutations in 4/68 glioblastoma, 
1/24 Ewing sarcoma, and 1/48 melanoma samples (see Fig. 2 for 
diagram of STAG2 mutations reported in human tumors to date). 
As the STAG2 gene is on the X-chromosome, complete inacti- 
vation of STAG2 was found to only require a single mutational 



event due to the presence of a single X-chromosome in males 
and due to X-chromosome inactivation in females with the 
remaining wild-type allele residing on the inactivated 
X-chromosome. Using a monoclonal antibody directed against 
the C-terminus of the STAG2 protein, immunohistochemistry 
showed somatic loss of STAG2 expression in 6/31 
glioblastomas (19%), 11/53 Ewing sarcomas (21%), 7/36 
melanoma samples (19%), 1/20 medullobastomas (5%), 2/74 
colorectal adenocarcinomas (3%), and 1/58 lymphomas (2%). 
Somatic cell gene targeting was used to correct the 
endogenous inactivating STAG2 mutations in two aneuploid 
glioblastoma cell lines (H4 and 42MGBA cells) via 
homologous recombination and to knockout STAG2 in a 
near-diploid, chromosomal ly stable colorectal carcinoma cell 
line (HCT116 cells). Repair of the STAG2 gene led to 
restoration of the sister chromatid cohesion defect, a decrease 
in abnormal mitotic figures, and a reduction in chromosomal 
instability in the two aneuploid glioblastoma cell lines. In 
contrast, STAG2 knockout in HCT116 cells led to precocious 
sister chromatid separation and aneuploidy including 
trisomies, monosomies, and de novo translocations. No 
significant difference in transcriptional profile was observed in 
these paired STAG2 mutant and wild-type glioblastoma and 
colorectal carcinoma cell lines, suggesting that the major 
tumor suppressive function of STAG2 is due to its canonical 
role in sister chromatid cohesin and not transcriptional 
regulation (41). This study provided one of the first major 
genetic mechanisms of aneuploidy in human tumors. 
However, the complete spectrum of tumors harboring cohesin 
mutations and the precise functional significance of cohesin 
mutations in the pathogenesis of specific tumor types 
remained undefined. 

COHESIN MUTATIONS IN ACUTE MYELOID LEUKEMIAS 

Whole exome sequencing of 8 acute myeloid leukemia (AML) 
genomes reported in 2012 identified one AML (type M1 aris- 
ing in an adult female) with an SMC3 missense mutation also 
harboring DNMT3A, NPM1, and FLT3 mutations (42). This 
AML at initial presentation had normal diploid karyotype, and 
upon relapse harbored a single chromosomal aberration 
(t(10;12) translocation) along with new ETV6 and MY018B 
mutations. A subsequent whole exome sequencing study of 7 
secondary AMLs arising in patients with antecedent myelodys- 
plastic syndrome (MDS) found two AMLs with cohesin muta- 
tions, one with a truncating mutation in STAG2 and one with a 
truncating mutation in SMC3 (43). The STAG2 mutation was 
present in both the antecedent MDS and the secondary AML 
with additional PTPN11 and RUNX1 mutations arising de no- 
vo in the secondary AML that had normal cytogenetics. The 
SMC3 mutation was present at low frequency in the ante- 
cedent MDS and at high frequency in the secondary AML that 
also harbored NPM1 mutation and had normal cytogenetics. 
The next AML whole exome sequencing study examined the 
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genomes of 65 type M1 AMLs that are defined by the lack of 
myeloid maturation and 43 type M3 AMLs that are defined by 
the presence of the t(15;17)(q22;21) translocation causing the 
PML-RARA fusion and are commonly referred to as acute pro- 
myelocytic leukemias (44). This study found cohesin mutations 
in 7/65 type M1 AMLs (11%) but no cohesin gene mutations 
in the 43 type M3 AMLs (0%). These included three M1-AMLs 
with STAG2 mutations, two with SMC3 mutations, and two 
with SMC1 A mutations. All seven of these AMLs with cohesin 
mutations had fewer than three cytogenetic abnormalities, 
while 6/7 of these AMLs also harbored FLT3 mutations, 3/7 al- 
so harbored NPM1 mutations, 2/7 also harbored DNMT3A 
mutations, and 2/7 also harbored TET2 mutations. Given the 
near-diploid karyotype of all AMLs with identified cohesin mu- 
tations, the authors speculated that cohesin mutations may be 
selected for during leukemogenesis not due to loss of sister 
chromatid cohesion and induction of aneuploidy, but rather 
other loss of function mechanisms such as transcriptional 
deregulation. 

In 201 3 The Cancer Genome Atlas reported comprehensive 
genomic characterization of 200 de novo AMLs arising in 
adult patients with no history of myelodysplasia or myeloproli- 
ferative disorder (45). They found cohesin mutations in 26 of 
these AMLs (1 3%) including 7 with STAG2 mutations (all trun- 
cating), 7 with SMC3 mutations (5/7 missense), 7 with SMC1A 
mutations (6/7 missense), and 5 with RAD21 mutations (all 
truncating). Cohesin gene mutations were mutually exclusive 
in each case (e.g. no AML had multiple cohesin gene muta- 
tions) demonstrating that genetic inactivation of a single cohe- 
sin subunit is likely sufficient to disrupt the tumor suppressive 
function of cohesin in myeloid leukemogenesis. Rare muta- 
tions were also found in cohesin regulatory genes including 
ESC02, PDS5B, and WAPAL (4/200 AMLs). Significantly 
co-occurring mutations with cohesin genes were NPM1, FLT3, 
DNMT3A, PTPN11, and PTPRT. No prognostic significance 
based on cohesin gene status was reported in this study. 

Given the frequent mutations of cohesin genes in AML, Kon 
et a/, chose to investigate the importance of cohesin mutations 
in the complete spectrum of myeloid neoplasms (46). In ac- 
cordance with previous studies, cohesin mutations were iden- 
tified in 16/120 de novo AMLs (13%). Additionally, cohesin 
mutations were found in 19/224 myelodysplastic syndromes 
(8%), 3/37 secondary AMLs (8%), 4/64 chronic myelogenous 
leukemias (6%), 10/88 chronic myelomonocytic leukemias 
(11%), and 1/77 myeloproliferative neoplasms (1%). No signi- 
fcant increase in cytogenetic abnormalities was observed be- 
tween cohesin mutant and wild-type samples. Cohesin mu- 
tated leukemia cells had reduced levels of chromatin-bound 
cohesin components, and the growth of cohesin mutated leu- 
kemia cells was suppressed by forced over-expression of the 
respective wild-type cohesin subunit, thereby leading the au- 
thors to speculate that cohesin mutations participate in leuke- 
mogenesis through the deregulated expression of genes in- 
volved in myeloid development and differentiation (46). 



In order to explore the clinical significance of cohesin muta- 
tions in AML, Thol et a/, sequenced the cohesin complex sub- 
units in a clinically annotated cohort of 348 uniformly treated 
adult patients with de novo AML (47). Mutations were identi- 
fied in 22 patients (6%), all of which were mutually exclusive 
and were strongly associated with the co-occurrence of NPM1 
mutations. No clear prognostic impact for survival or re- 
mission rates based on cohesin status was found. 

COHESIN MUTATIONS IN ACUTE MEGAKARYOBLASTIC 
LEUKEMIA 

Up to 10% of patients with constitutional trisomy 21 (Down 
syndrome) experience transient abnormal myelopoiesis (TAM) 
during infancy, an abnormal myeloproliferative disorder that 
morphologically resembles acute megakaryoblastic leukemia 
(AMKL) but is usually self-limiting and spontaneously resolves 
within 3-4 months after birth. However, 20-30% of Down syn- 
drome patients who survive TAM during infancy will go on in 
the following years to develop AMKL, also known as AML 
type M7, that can arise sporadically outside of Down syn- 
drome but has >500 times increased incidence in individuals 
with Down syndrome. It was discovered in 2002 that all TAM 
samples harbor truncating mutations in the 5' coding exons of 
the GATA1 gene, an essential hematopoietic transcription fac- 
tor, resulting in downstream re-initiation and production of a 
shorter GATA1 variant lacking the N-terminal activation do- 
main (48). While the combination of GATA1 mutation and tris- 
omy 21 are sufficient for the induction of TAM, it is unclear 
what the driving third genetic hit is that results in AMKL in 
Down syndrome patients. An exome sequencing study found 
that cohesin mutations were present in 23/49 (47%) of Down 
syndrome-associated AMKL cases (predominantly STAG2 and 
RAD21 mutations and occasional cases with mutations in co- 
hesin regulatory genes, all of which were mutually exclusive) 
while cohesin mutations were less commonly found in spora- 
dic AMKL (2/19 cases, 1 1%) and were never present in TAM 
(0/41 cases) (49). The majority of cohesin mutated AMKLs had 
two or fewer chromosomal aberrations other than trisomy 21, 
again supporting a non-aneuploidy driven mechanism for co- 
hesin inactivation in myeloid leukemogenesis. This study de- 
fines a prominent role for cohesin as one of the third genetic 
hits responsible for the transformation of TAM into AMKL in 
Down syndrome patients, in addition to other identified hits 
including the epigenetic regulator EZH2 or the cohesin-bind- 
ing insulator regulatory factor CTCF. 

COHESIN MUTATIONS IN UROTHELIAL CARCINOMAS 

In order to explore the complete tumor spectrum harboring 
STAG2 inactivation, Solomon et al. performed an immuno- 
histochemical screen on 2,214 human tumors using a monoclonal 
antibody that binds at the C-terminus of the STAG2 protein (50). 
This screen identified somatic loss of STAG2 expression 
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Table 2. Summary of cohesin gene mutations reported in human cancer cell I 
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Fig. 2. Diagram of the STAG2 protein with the location of mutations identified in human tumor samples listed in Table 1 shown. STAG, 
stromal antigen domain. SCD, stromalin conserved domain. 



in 52/295 urothelial bladder carcinomas (18%), 3/35 Ewing 
sarcomas (9%), 3/48 malignant melanomas (6%), 2/99 colonic 
adenocarcinomas (2%), 2/112 ovarian adenocarcinomas (2%), 
1/46 malignant peripheral nerve sheath tumors (2%), 1/49 gas- 



tric adenocarcinomas (2%), 1/53 uterine leiomyosarcomas 
(2%), 1/108 lung squamous cell carcinomas, and 1/131 gastro- 
intestinal stromal tumors. No STAG2 loss was found in 18 
bladder adenocarcinomas or 15 bladder squamous cell carci- 
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nomas, suggesting a specific role for STAG2 inactivation in ur- 
othelial carcinoma of the bladder (also referred to as transi- 
tional cell carcinoma). Sequencing of STAG2 in an in- 
dependent cohort of urothelial bladder carcinomas identified 
mutations in 9/25 papillary non-invasive carcinomas (36%), 
6/22 superficially invasive carcinomas (27%), and 8/64 muscle 
invasive carcinomas (13%). 21/25 of the identified mutations 
were truncating causing loss of STAG2 expression as seen by 
immunohistochemistry. Occasional urothelial carcinomas 
demonstrated mosaic loss of STAG2 expression and two tu- 
mors each had two independent STAG2 mutations identified 
with less than 50% mutant allele frequencies. These findings 
highlight the clonal heterogeneity of urothelial bladder carci- 
noma and suggest that while STAG2 inactivation occurs an 
early event in most bladder tumors with uniform STAG2 loss 
throughout, STAG2 mutations are also selected for during the 
clonal progression in occasional tumors. Truncating mutations 
of STAG2 were also identified in 5/32 urothelial carcinoma 
cell lines (16%). In a clinically-annotated cohort of patients 
with non-muscle invasive papillary urothelial bladder carcino- 
mas treated with transurethral resection, STAG2 loss was seen 
in 8/34 cases (24%) and was significantly associated with im- 
proved disease-free survival. Only 1/8 of the STAG2-deficient 
carcinomas (12%) recurred during the follow-up period, 
whereas 15/26 of the STAG2-expressing carcinomas (58%) re- 
curred including two which progressed to invasion and four 
which metastasized. In contrast, in a cohort of patients with 
muscle invasive urothelial bladder carcinomas treated with 
radical cystectomy, STAG2 loss was seen in 35/349 cases 
(10%) and was significantly associated with increased lymph 
node metastasis and reduced recurrence-free survival. Copy 
number analysis of 12 STAG2 mutant urothelial bladder carci- 
nomas demonstrated multiple chromosomal aberrations in 
each of 9 tumors and no aberrations in the other 3 tumors, 
whereas 10/12 STAG2 wild-type urothelial bladder carcino- 
mas contained detectable chromosomal aberrations. Re-ex- 
pression of wild-type STAG2 in three urothelial carcinoma cell 
lines with truncating STAG2 mutations did not affect cellular 
proliferation in vitro, tumor growth in vivo, or mean chromo- 
some count per cell. shRNA knockdown of STAG2 in a ur- 
othelial carcinoma cell line with wild-type STAG2 led to a 
modest alteration in chromosome count per cell. Overall, this 
study highlights that STAG2 is recurrently inactivated during 
urothelial carcinogenesis, at particularly high frequency in 
papillary non-invasive tumors, and defines a molecular sub- 
group of urothelial bladder carcinomas with distinct clinical 
outcomes (50). 

Simultaneous to the publication of this study, two additional 
whole-exome sequencing studies of urothelial bladder carcino- 
ma identifying frequent mutations of cohesin genes were also 
published (51 , 52). In the first of these other two studies, cohe- 
sin mutations were found in 10/33 papillary non-invasive tu- 
mors (30%), 3/32 superficially invasive tumors (9%), and 2/9 
muscle invasive tumors (22%) (51). These were predominantly 



truncating mutations of STAG2, with occasional tumors har- 
boring mutations in other core cohesin genes as well as cohe- 
sin regulatory genes. In the second of these other two studies, 
cohesin mutations were found in 10/32 superficially invasive 
tumors (31%) and 6/61 muscle invasive tumors (10%), with an 
additional 9 muscle invasive tumors harboring mutations in 
cohesin regulatory genes, predominantly ESPL1 which enc- 
odes the enzyme Separase that cleaves Rad21 at the meta- 
phase to anaphase transition to enable sister chromatid segre- 
gation (52). In the first study, STAG2 mutation in non-muscle 
invasive tumors was associated with co-occurrence of FGFR3 
mutations and absence of p53 overexpression. Reduced ex- 
pression of STAG2 was found by immunohistochemistry in a 
panel of 197/671 urothelial bladder carcinomas (29%) of vari- 
ous grades and stages. Reduced STAG2 expression in this co- 
hort was associated with multicentricity, increased tumor size, 
low stage, and low tumor grade. Additionally, reduced STAG2 
expression in patients with non-muscle invasive tumors in this 
cohort was associated with lower risk of tumor recurrence and 
progression, while reduced STAG2 expression in patients with 
muscle invasive tumors was associated with lower risk of pro- 
gression and increased overall survival. Copy number analysis 
of 11 low-grade papillary non-invasive urothelial carcinomas 
found 2 tumors with loss of one copy of chromosome 9 while 
the other 9 tumors had no detectable chromosomal 
aberrations. shRNA knockdown of STAG2 in urothelial carci- 
noma cell lines with wild-type STAG2 was not found to sig- 
nificantly alter the mean chromosome count per cell, and 
re-expression of wild-type STAG2 in cell lines with inactivating 
STAG2 mutations led to reduced colony formation in vitro 
(51). In the second study, invasive urothelial carcinomas with 
STAG2 mutations were significantly more aneuploid than in- 
vasive urothelial carcinomas without any alterations in core 
cohesin or cohesin regulatory genes. Additionally, patients 
with either superficially invasive or muscle invasive urothelial 
carcinomas harboring STAG2 mutations were associated with 
reduced overall survival compared to patients with wild-type 
tumors (52). An explanation for the discordant clinical out- 
comes based on STAG2 status in these three studies is not 
readily apparent, but difference in the Kaplan-Meier analysis 
criteria (e.g. complete loss of expression versus reduced ex- 
pression by immunohistochemistry versus confirmed somatic 
mutation by DNA sequencing) may be a confounding factor. 

In a subsequent in-depth study of STAG2 inactivation in ur- 
othelial bladder carcinoma (53), STAG2 mutations were identi- 
fied in 46/138 papillary non-invasive tumors (33%), 16/76 su- 
perficially invasive tumors (21%), and 10/80 muscle invasive 
tumors (13%). 69/81 of the mutations (85%) identified were 
truncating while 12/81 were missense mutations (15%). 
STAG2 mutations were significantly associated with lower tu- 
mor grade, lower tumor stage, co-occurrence of FGRF3 and 
PIK3CA mutations, and wild-type TP53 status. No significant 
association of STAG2 mutation with disease recurrence in ei- 
ther papillary non-invasive carcinomas or invasive carcinomas 
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was found. Immunohistochemical analysis of 120 urothelial 
carcinomas found 13 tumors (11%) with complete loss of 
STAG2 expression, all of which had truncating mutations of 
STAG2, and an additional 14 tumors (12%) showed mosaic 
loss of STAG2 expression. These findings provide further con- 
firmation that STAG2 inactivation is both selected for early 
during urothelial carcinogenesis as well as during tumor 
progression. Copy number analysis of 220 urothelial bladder 
carcinomas found that STAG2 mutation was inversely related 
with chromosomal copy number alterations (53). 

Most recently, The Cancer Genome Atlas reported compre- 
hensive genomic analysis of 131 muscle invasive urothelial 
bladder carcinomas (54). In total they identified cohesin muta- 
tions in 22/131 muscle invasive carcinomas (17%), including 
14 tumors (11%) with STAG2 mutations and 8 tumors with 
mutations in other core cohesin genes. Additionally, 17/131 
tumors (13%) harbored mutations in cohesin regulatory genes 
including CDCA5, ESPL1, and NIPBL. Clustering of the 131 tu- 
mors based on mutations and copy number alterations identi- 
fied three distinct groups, and 1 1/14 of the tumors with STAG2 
mutations belonged to Group B enriched in tumors harboring 
CDKN2A deletions, FGFR3 mutations, and papillary histology. 
Why STAG2 mutations occur at higher frequency in particular 
molecular subgroups of urothelial carcinomas remains un- 
defined (54). 

Not only have cohesin gene mutations been identified in ur- 
othelial carcinomas arising in the bladder, exome sequencing 
of urothelial carcinomas arising in the upper urothelial tract 
(e.g. ureter and renal pelvis) have found cohesin mutations in 
2/5 papillary non-invasive (40%) and 7/21 invasive urothelial 
carcinomas (33%) of the upper urothelial tract (55). In contrast, 
cohesin mutations have not been identified at a significant fre- 
quency in renal cell carcinoma sequencing studies (56). 

OTHER TUMOR TYPES WITH COHESIN MUTATIONS 

As the genomes of additional tumor types are revealed by next 
generation sequencing, the cohesin complex is emerging as a 
target of frequent of somatic alterations in a diverse range of 
tumors. Comprehensive genomic characterization of 291 glio- 
blastomas by The Cancer Genome Atlas identified cohesin 
gene mutations in 23 tumors (8%), including 12 tumors with 
mutations in STAG2 (one of the most commonly mutated 
genes identified), as well as 15 additional tumors (5%) with 
mutations in cohesin regulatory genes (57). In addition to glio- 
blastomas, whole-exome sequencing of medulloblastoma, a 
primitive neuroectodermal tumor arising in the cerebellum 
and posterior fossa of the brain of pediatric and young adults, 
found cohesin mutations in 3/125 cases (58). Whole-exome se- 
quencing of 100 invasive breast adenocarcinomas identified 3 
tumors with cohesin gene mutations and 7 tumors with muta- 
tions in cohesin regulatory genes (59). Whether cohesin muta- 
tions in breast carcinomas are associated with a specific histo- 
logic subtype (e.g. ductal, lobular, mucinous) or distinct clin- 



ical outcomes remains to be determined. A recent inves- 
tigation into the genomes of 50 pancreatic ductal ad- 
enocarcinomas found two tumors with STAG2 alterations, one 
with gene deletion and one with missense mutation (60). 
STAG2 loss was also found in 15/344 pancreatic ductal ad- 
enocarcinomas (4%) by immunohistochemistry but was not as- 
sociated with altered clinical outcome in these patients. An in- 
vestigation of microsatellite-unstable gastric and colorectal ad- 
enocarcinomas found frequent frameshift mutations in the co- 
hesin regulatory genes PDS5B and SGOL1 which harbor long 
mononucleotide repeats within their coding sequences (61). In 
addition to the frequent truncating mutations of STAG2 in 
Ewing sarcoma cell lines reported by Solomon et al. (41), on- 
going as yet unpublished sequencing studies have also identi- 
fied frequent cohesin mutations (predominantly of the STAG2 
subunit) in Ewing sarcoma primary tumors samples as well. 
The clinical significance of cohesin mutations and the precise 
mechanism of tumor suppressive function in the pathogenesis 
of many of these specific tumor types currently remain 
undefined. 

THERAPEUTIC TARGETING OF TUMOR CELLS 
HARBORING COHESIN MUTATIONS 

Given the high frequency of inactivation in particular cancer 
types, mechanisms of selectively targeting cancer cells harbor- 
ing cohesin mutations is of significant clinical interest. The 
RAD21 gene was originally isolated in the fission yeast 5. 
pombe as a mutant that caused radiation sensitivity and was 
also found to be essential for mitosis (62). The cohesin com- 
plex is now known to be important for both DNA replication 
and repair, specifically at stalled replication forks and dou- 
ble-strand breaks (63-67). Of note, SMC1A mutant cells from a 
CdL patient have shown increased sensitivity to ionizing radia- 
tion and interstrand DNA crosslinking agents compared to nor- 
mal controls, although this sensitivity was to a lesser extent 
than cells from patients with ataxia telangiectasia or Fanconi 
anemia syndromes (68). These findings suggest that tumors 
harboring cohesin mutations might have increased sensitivity 
to ionizing radiation and/or specific DNA damaging chemo- 
therapeutic agents. One study has shown that knockdown of 
STAG2 in a pancreatic adenocarcinoma cell line led to in- 
creased sensitivity to platinum-based chemotherapy agents in- 
cluding cisplatin (60). Considering the potential for rational tar- 
geted therapies, inhibitors of poly(ADP-ribose) polymerase 
(PARP) such as olaparib have shown promise in ovarian can- 
cers deficient in DNA repair due to mutations in BRCA1 and 
BRCA2. Similarly, glioblastoma cell lines harboring truncating 
STAG2 mutations were recently shown to have increased sen- 
sitivity to multiple unique small molecule inhibitors of PARP, 
leading to arrest in G2 phase of the cell cycle, more frequent 
micronuclei, and increased atypical mitotic figures (69). This 
effect of PARP inhibitors was synergistic when combined with 
DNA damaging chemotherapeutic agents including temozolo- 



306 BMB Reports 



http://bmbreports.org 



Cohesin gene mutations in tumorigenesis 
David A. Solomon, et a/. 



mide or camptothecin. Together, these studies demonstrate 
that tumors harboring cohesin mutations might have specific 
sensitivities that can be rationally targeted to provide clinical 
benefit for the many patients with such cohesin altered 
cancers. Further studies are clearly warranted to continue eval- 
uating these therapeutic strategies. 

CONCLUDING REMARKS 

The cohesin complex is an important regulator of chromatin 
architecture within the cell nucleus and has expanding roles in 
diverse biologic processes such as DNA replication, repair, 
and transcription in addition to its canonical role in sister chro- 
matid cohesin and regulation of faithful chromosome segrega- 
tion during mitosis. Inherited/germline mutations in core cohe- 
sin subunits or cohesin regulatory genes lead to a spectrum of 
"cohesinopathies" that include Cornelia de Lange syndrome as 
well as premature ovarian failure. Emerging cancer genomics 
studies have now documented that cohesin genes are a fre- 
quent target of somatic alterations in a number of tumor types 
including glioblastoma, Ewing sarcoma, urothelial carcinoma, 
acute myeloid leukemia, and acute megakaryoblastic 
leukemia. Initial studies demonstrated that cohesin mutations 
may be a source of chromosomal instability and aneuploidy in 
tumors, while subsequent studies in other cancer types have 
found normal karyotypes in tumors harboring cohesin muta- 
tions, leading to speculation that cohesin inactivation may be 
causing dysregulation of other pathways during tumorigenesis, 
particularly altered gene expression profiles. Recent studies 
have begun to demonstrate that cohesin mutant tumors might 
have increased sensitivity to select DNA damaging agents and 
PARP inhibitors. Continued investigation will be necessary to 
define the precise mechanism(s) by which cohesin inactivation 
contributes to tumorigenesis and methods to effectively target 
cancers harboring cohesin mutations. 
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